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Abstract: Joining heat conducting alloys, such as copper and its alloys, to heat resistant nickel-based
superalloys has vast applications in nuclear power plants (including future fusion reactors) and liquid
propellant launch vehicles. On the other hand, fusion welding of most dissimilar alloys tends to be
unsuccessful due to incompatibilities in their physical properties and melting points. Therefore, solid-
state processes, such as diffusion bonding, explosive welding, and friction welding, are considered
and commercially used to join various families of dissimilar materials. However, the solid-state
diffusion bonding of copper alloys normally results in a substantial deformation of the alloy under
the applied bonding load. Therefore, transient liquid phase (TLP) bonding, which requires minimal
bonding pressure, was considered to join copper alloy (C18150) to a nickel-based superalloy (GH4169)
in this work. BNi-2 foil was used as an interlayer, and the optimum bonding time (keeping the
bonding temperature constant as 1030 ◦C) was determined based on microstructural examinations
by optical microscopy (OM), scanning electron microscopy (SEM), energy dispersive spectrometry
(EDS), tensile testing, and nano-hardness measurements. TLP bonding at 1030 ◦C for 90 min resulted
in isothermal solidification, hence obtained joints free from eutectic phases. All of the tensile-tested
samples failed within the copper alloy and away from their joints. The hardness distribution across
the bond zone was also studied.
Keywords: transient liquid phase (TLP) bonding; joining; copper alloy; nickel-based superalloy; interlayer
1. Introduction
The combination of heat conducting materials (i.e., copper alloys) and high-temperature
structural materials (i.e., stainless steel or nickel-based superalloys) is of great interest to
the manufacturers of nuclear power plants and liquid propellant launch vehicles [1,2].
However, it is difficult to fusion weld copper alloys to high-nickel stainless steel or nickel-
based superalloys due to their vulnerability to hot cracking, lack of adequate mixing,
and formation of brittle intermetallics. Therefore, solid-state processes, such as diffusion
bonding, are the preferred joining techniques [3–5].
Previous work has shown that copper alloys and nickel superalloys were successfully
joined by solid-state diffusion bonding at the cost of imposing substantial deformation
in copper alloys [6]. Such large deformations are not tolerable when near-net-shape
manufacturing. Transient liquid phase (TLP) bonding is an attractive technique owing to
the formation of liquid phase, which eliminates the need to apply large bonding pressures.
In short, the absence of distortion and deformation in the parent materials is the main
advantage of the TLP bonding process compared to solid-state bonding processes [7–9]. In
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this process, an interlayer containing melting point depressant (MPD) elements such as B,
Si, and P was used to form a liquid at the joint interface well below the melting point of
base material [10].
On a basic level, the TLP bonding process involves four stages: (1) liquidation of the
interlayer occurs at a certain temperature; (2) concentration of the MPD element in the
liquid phase declines as it diffuses into the materials being joined; (3) depletion of the MPD
element results in isothermal solidification and formation of a solid bond; and finally, (4)
further solid-state homogenization redistributes the MDP and other elements uniformly
on and around the bond line [8,11–13]. Among various bonding parameters, temperature,
holding time, and interlayer are the main factors to affect the process outcome. Bonding
temperature is normally selected between the liquidus temperature of the interlayer and
the solidus temperature of the material with the lower melting point, i.e., copper alloy in
this work. A sufficient holding time is necessary to complete the isothermal solidification
and avoid formation of eutectic phases in the centreline, which can have adverse effects on
mechanical properties of the joint [9,14–17]. For instance, S. Hadibeyk obtained complete
isothermal solidification at 1130 ◦C within 100 min in dissimilar TLP bonded Ni-based
GTD-111 and Co-based FSX-414 superalloys [15]. Akbar also reported complete isothermal
solidification at 1050 ◦C for 45 min and 1100 ◦C for 30 min in dissimilar TLP-bonded
IN718/IN600 joints using a BNi-2 interlayer [7]. Pouranvari obtained an isothermal solidi-
fication zone (ISZ) in an IN718 superalloy, which consisted of a single phase, by combining
TLP bonding with standard heat treatment processes [18].
Although the TLP bonding of similar or dissimilar superalloys using BNi-2 interlayers
has been well studied, reports on the TLP bonding of copper alloys to Ni-based superalloys
are scant. In this work, TLP bonding of a copper alloy to a nickel superalloy was successfully
achieved using a BNi-2 interlayer, and the influence of holding time on the microstructure
and mechanical properties of the joints were investigated.
2. Materials and Methods
Copper alloy (C18150) and Ni-based superalloy (GH4169) were selected as the base
materials, and a 30 µm thick amorphous BNi-2 foil was used as the filler metal in this work.
The compositions of all materials are given in Table 1.
Table 1. Chemical compositions (wt. %) of parent and filler materials.
Materials Cu Ni Cr Fe Ti Nb Mo Zr Si B
C18150 Bal. - 0.80 0.50 - - - 0.10 - -
GH4169 - Bal. 18.19 17.34 1.22 4.29 2.44 - - -
BNi-2 - Bal. 7 3 - - - - 4.5 3.2
The faying surfaces were prepared by conventional grinding techniques with a final
1200-grit finish followed by polishing with a 1µm polycrystalline diamond suspension.
The post-polishing surface roughness and flatness were Ra 0.05–0.025 and 0.01/20 mm,
respectively. The surface treatment used in this work requires conventional mechanical
grinding and polishing techniques that can be applied on an industrial level. The parent
and filler materials were both ultrasonically cleaned in an acetone bath and were then
dried in air before inserting them into the purpose-built steel fixture shown in Figure 1.
The fixture is made of 30CrMnSiA structural steel, and the bonding pressure was imposed
simply by tightening the bolts to ensure a full contact between all of the parts.
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Figure 1. Dimensions (mm) and bonding setup of test specimens.
The melting points of the copper alloy and Ni-superalloy are 1073 ◦C and 1260 ◦C,
respectively. The bonding temperature of all of the samples was 1030 ◦C, which is 31 ◦C
above the liquidus temperature of BNi-2 (999 ◦C) and yet well below the melting point of
the copper alloy. Th bonding tim s were 30 min, 60 min, and 90 min, which were selected
based on earlier trials and previous reports on bonding copper alloys to steels. A vacuum
furnace operating at 1 × 10−3 Pa (1 × 10−5 mBar) and equipp d with a adiation heating
system was u ed to heat the samples at the rate of 10 ◦C/min followed by slow furnace-
cooling down to ambient temperature. The cooling time from the bonding temperature to
ambient tempe ature was about 10 h.
The bonde s mples were cut along the longitudinal direction and were prepare by
conventional metallography tech iques. Each metallo raphy sample was etched twice
using two different etchants. The copper side was etched in a solution of 5 g FeCl3 + 10 mL
HCl + 100 mL water, whereas the nickel side was etched by a solution of 1 mL H2SO4 +
20 mL HCl + 4 g CuSO4·H2O + 20 mL water, both at ambient temperature for 20 to 30 s.
The microstructure and composition of the bonded interface were examined using
optical and scanning electron microscopes (SEM) equipped with an energy dispersive
spectrometer (EDS).
Nano-hardness measurements were conducted across the bond line of the joint under
8 mN load and at 0.1 mN/s loading rate. Longer samples were also TLP bonded and ma-
chined for tensile testing using a universal testing machine—see Figure 2 for more details.
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3. Results and Discus ion
3.1. Microstructural Examinations
It has been well established that a typical TLP bonded joint may consist of three
distinct zones: (1) an athermal solidification zone (ASZ), (2) an isothermal solidification
zone (ISZ), and (3) a diffusion-affected zone (DAZ) [7,17,19–21]. Figure 3a shows the
microstructure of a copper/nickel-superalloy sample TLP-bonded at 1030 ◦C for 60 min.
The main zones of the joint are illustrated in the backscattered electron (BSE) micrograph
with a higher magnification (Figure 3b). It appears that a sound joint free from any pores,
voids, and discontinuities has been obtained. It should be noted that the entire bonding
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zone is much thicker than the 30 µm filler metal, proving that the dissolution of base alloys
has occurred.
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high amounts of boron. This is consistent with previous works, which showed that such 
Figure 3. Optical (a) and SEM-BSE (b) micrographs of copper/superalloy interface in a TLP-bonded
sample made at 1030 ◦C for 60 min.
Once the parts reach the bonding temperature, the interlayer melts and the melting
point depressant (MPD) elements (B and Si) start diffusing into the copper alloy and nickel-
based superalloy. The accumulation of these element leads to melting of both alloys and
widening of the liquid phase until a compositional equilibrium is established. As further
dissolution of the base materials continues, the concentrati of MPD elements in the liquid
goes down, and c nsequently, th m lting point of the liquid phase increases. As soon as
the liquidus temperat re reaches the bonding temperature, isothermal solidification begins
at the solid/liquid terface with a higher melting point, i.e., t e superalloy/liqu d interface
in this case. If the holding time is not sufficiently long enough to complete isothermal
solidification, the remaining liquid will form an atherma ly-solidified zone (ASZ) during
the cooling stage.
A chemical analysis of the bond zone was conducted at several points of interest, and
the results are shown in Figure 4 and Table 2.
Metals 2021, 11, x FOR PEER REVIEW 4 of 8 
 
 
zone is much thicker than the 30 μm filler metal, proving that the dissolution of base alloys 
has occurred. 
 
Figure 3. Optical (a) and SEM-BSE (b) micrographs of co per/supera loy interface in a TLP-bonded 
sample made at 1030 °C for 60 min. 
Once the parts reach the bonding temperature, the interlayer melts and the melting 
point depressant (MPD) elements (B and Si) start diffusing into the copper alloy and 
nickel-based superalloy. The accumulation of these element leads to melting of both alloys 
and widening of the liquid phase until a compositional equilibrium is established. As 
further dissolution of the base materials continues, the concentration of MPD elements in 
the liquid goes down, and consequently, the melting point of the liquid phase increases. 
As soon as the liquidus temperature reaches the bonding temperature, isothermal 
solidification begins at the solid/liquid interface with a higher melting point, i.e., the 
superalloy/liquid interface in this case. If the holding time is not sufficiently long enough 
to complete isothermal solidification, the remaining liquid will form an athermally-
solidified zone (ASZ) during the cooling stage. 
A chemical analysis of the bond zone was conducted at several points of interest, and 
the results are shown in Figure 4 and Table 2.  
  
Figure 4. SEM micrographs of the copper side (a) and superalloy side (b) of a joint bonded for 60 
min and the locations of EDS analyses. 
Table 2. Chemical composition (wt. %) of various locations marked 1 to 6 in Figure 4. 
Posit
ions Cu Ni Cr Fe Ti Nb Mo Si B 
1 9.3 32.7 33.1 2.6 - - - 1.5 20.8 
2 22.1 63.5 6.1 4.6 - - - 3.8 - 
3 77.6 8.7 2.4 - - - - - 11.3 
4 8.8 72.8 7.4 7.3 - - - 3.7 - 
5 3.0 39 17.6 6.3 0.3  1.6 0.8 30.8 
6 - 20 7.3 7.1 0.4 1.1 0.7 - 63.2 
As seen in Table 2, the ASZ (point 1 in Figure 4a) is mostly a eutectic phase containing 
high amounts of boron. This is consistent with previous works, which showed that such 
Figure 4. SEM micrographs of the copper side (a) and superalloy side (b) of a joint bonded for 60 min
and the locations of EDS analyses.
Table 2. Chemical composition (wt. %) of various locations marked 1 to 6 in Figure 4.
P sitions Cu Ni Cr Fe Ti Nb o Si
1 9.3 32.7 33.1 - - .8
2 22.1 63.5 6.1 4. - - - . -
3 77.6 8.7 2.4 - - - - .3
4 8.8 72.8 7.4 7.3 - - - 3.7 -
5 3.0 39 17.6 6.3 0.3 1.6 0.8 30.8
6 - 20 7.3 7.1 0.4 1.1 0.7 - 63.2
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As seen in Table 2, the ASZ (point 1 in Figure 4a) is mostly a eutectic phase containing
high amounts of boron. This is consistent with previous works, which showed that such
eutectic microstructure comprises of Ni-boride, Ni-Si-B intermetallic, and γ solid solution in
TLP-bonded Ni-based superalloys [21]. Furthermore, as shown in the EDS map (Figure 5b),
the ASZ is enriched in Cr. According to the Cr-B phase diagram, various Cr-borides could
be formed, including Cr2B, Cr5B3, CrB, Cr3B4, CrB2, and CrB4. In addition, Cu was also
found in the ASZ, which indicates the dissolution of base copper alloy at 1030 ◦C. Therefore,
the eutectic phase found at ASZ contains Ni-borides, Cr-borides, and Ni-Cu solid solution.
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Figure 5. SEM-BSE image of the joint interface (a) and EDS elemental map of Cr (b). The ASZ is
enriched in Cr whereas Cr-depleted region is formed in the DAZ of copper.
The ISZ close to copper consisted of a Ni-Cu solid solution with 63.5% Ni and 22.1%
Cu (point 2 in Figure 4a), while the ISZ close to the nickel-superalloy consisted of Ni-Cu
solid solution with 72.8% Ni and 8.8% Cu (point 4 in Figure 4b).
Since a high concentration of boron was detected on the grain boundaries in the DAZ
of the copper side (point 3 in Figure 4a and Table 2), it is reasonable to assume that most of
the boron diffused through the grain boundaries and into the copper.
The presence and morphology of the light-grey layer in Figure 4a indicates the for-
mation and penetrati f a liquid phase within the superalloy’s grain boundaries—also
known as “grain boundary we ting”. In fact, grain boundary wetting is the main mech-
anism of gain boundary attack caused by liquid metals, e.g., severe disintegration of
aluminium by liquid gallium in less than one minute [22]. Although, no grain boundary
failure was observed in this work, it may occur when bonding other combinations of
dissimilar alloys, particularly if the bonding time is not long enough.
It is also interesting to note that a Cr-depleted region was formed in the DAZ of copper
(Figure 5). This is because Cr is a strong boride former [21], and the local depletion is
the result of formation of various Cr borides in the DAZ adjacent to DAZ/ISZ interface.
The concentration of Cr in this region is 2.4%, which is higher than 0.8% in the parent
copper alloy.
The microstructure of the TLP bonded Ni-based superalloy is well studied [7,12,18,21,23],
and most of the reported features, such as needle-like borides precipitates, were also found
at the ISZ/DAZ interface and DAZ of the sample examined in this work (points 5 and 6 in
Figure 4b).
Figure 6 shows the linear concentration profiles of main elements. Sudden changes in
the concentration of Ni and Cr in the ASZ and DAZ close to the copper alloy are mainly
due to the formation of Cr-rich borides. It should also be noted that more Ni diffused into
the copper alloy than Cu into the Ni superalloy.
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were found in the ISZ of the sample bonded at 1030 ◦C for 90 min, which indicated the
completion of isothermal solidification. As expected, boron diffuses deeper into the base
alloys, and more uniform DAZ is formed with increasing bonding time. Nevertheless,
the borides still exist in the DAZ of the copper alloy. More effective homogenization
treatment should be developed to obtain a ore un form distribution f such precipitates
on both sides.
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Figure 8. Effect of bonding time on the hardness distributions of samples bonded at 1030 °C. 
4. Conclusions 
Transient Liquid Phase (TLP) bonding of a copper alloy to a nickel-based superalloy 
using BNi-2 interlayer was performed in a vacuum. Based on the results of the 
microstructural examinations and mechanical testing, the following conclusions were 
made: 
1. Three different zones were formed in a joint made at 1030 °C for 60 min: an 
isothermal solidification zone (ISZ) containing Cu-Ni solid solutions on both sides; 
an athermal solidification zone (ASZ), which was identified by the presence of 
eutectic phase; and a diffusion affected zone (DAZ) located further away from the 
joint. 
2. Full isothermal solidification was achieved when bonding was performed at 1030 °C 
for 90 min. 
3. All of the tensile-tested samples failed in the copper alloy and away from the joints 
regardless of bonding times of 30, 60, and 90 min. 
4. Excluding some sharp peaks in the hardness profile due to the formation of 
intermetallics, the hardness gradually increases from the copper alloy to the nickel-
based superalloy.  
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The hardness gradually increased from the copper alloy to the bond zone, as the
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4. Conclusions
Transient Liquid Phase (TLP) bonding of a copper alloy to a nickel-based superalloy
using BNi-2 interlayer was performed in a vacuum. Based on the results of the microstruc-
tural examinations and mechanical testing, the following conclusions were made:
1. Three different zones were formed in a joint made at 1030 ◦C for 60 min: an isothermal
solidification zone (ISZ) containing Cu-Ni solid solutions on both sides; an athermal
solidification zone (ASZ), which was identified by the presence of eutectic phase; and
a diffusion affected zone (DAZ) located further away from the joint.
2. Full isothermal solidification was achieved when bonding was performed at 1030 ◦C
for 90 min.
3. All of the tensile-tested samples failed in the copper alloy and away from the joints
regardless of bonding times of 30, 60, and 90 min.
4. Excluding some sharp peaks in the hardness profile due to the formation of intermetallics,
the hardness gradually increases from the copper alloy to the nickel-based superalloy.
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